Background: Prospective data on red and processed meat in relation to risk of subtypes of esophageal and gastric cancer are scarce. We present analyses of association between red and processed meat and the risk of esophageal and gastric cancer subtypes within The Netherlands Cohort Study on Diet and Cancer.
introduction
Meat intake has risen in the developed world [1] and although several studies have suggested a positive association between red and processed meat intake and esophageal cancer and between processed meat and gastric cancer risk, a comprehensive review by the World Cancer Research Fund concluded that the evidence was limited and originated mostly from case-control studies [2] . Out of five cohort studies [3, 4, 5, 6, 7] investigating meat intake in relation to esophageal cancer, two [3, 6] studied only cases combined with other upper aerodigestive tract cancers and one [7] considered only total rather than red and processed meat intake. Several cohort studies have investigated the association of meat and meat products with gastric cancer, but only two studies distinguished between gastric cardia and non-cardia cancers [4, 5] . It is important to study subtypes separately since differences in incidence trends [8] and other risk factors [9, 10] suggest different etiology. Esophageal cancer can be subdivided based on histology into squamous cell carcinomas and adenocarcinomas, and gastric cancers are classified according to the anatomic location into cardia and non-cardia cancers.
There are several mechanisms that can possibly underlie a relationship between red and processed meat consumption and esophageal and gastric cancer. Heterocyclic amines and polycyclic aromatic hydrocarbons are carcinogenic substances that can be formed during cooking of meat at high temperatures [11, 12] . N-nitroso compounds, another group of carcinogens, are formed in processed meat containing high levels of nitrate and nitrite compounds [13] , and the endogenous formation of N-nitroso compounds is influenced by the heme content of meat, particularly red meat [14] .
The current study investigates the associations between red meat and processed meat intake and the risks of esophagus and gastric cancer subtypes in a large prospective cohort of Dutch men and women. We also evaluate effect modification by vegetable and fruit intake in men.
methods design and study population
The Netherlands Cohort Study (NLCS) is an ongoing prospective cohort study started in 1986. At baseline, 58 279 men and 62 573 women aged 55-69 years were recruited [15] . The sample was selected from 204 municipal population registries throughout The Netherlands by gender-stratified random sampling. At baseline, a self-administered questionnaire was completed by study participants on dietary habits and other risk factors of cancer. A case-cohort design is used for processing and analyzing data [16] ; hence, a random subcohort was selected immediately after identification of cohort members. The choice for the size of the subcohort (n = 5000) was based on relative efficiency comparisons of risk ratios that would be obtained from a full cohort study versus a case-cohort design [15] . The subcohort is followed up for migration and vital status in order to estimate the accumulated person-years of the whole cohort. Only one subcohort member was lost during 16.3 years of follow-up. Ethical approval to conduct the study was obtained from the institutional review boards of the University Hospital Maastricht and TNO Nutrition and Food Research.
follow-up of cases
Incident cases of cancer in the entire cohort throughout 16.3 years of follow-up were identified using annual computerized record linkage to The Netherlands Cancer Registry and the nationwide network and registry of histo-and cytopathology in The Netherlands (PALGA) [17] . The completeness of the cancer registries was estimated to be over 95% [18] . End points for this study were incident, microscopically confirmed esophageal and gastric cancer cases classified by anatomic site and histological type defined by the International Classification of Diseases for Oncology, Third Edition [19] . Esophagus carcinomas included squamous cell carcinomas C15, histology codes: 8050-8076, and adenocarcinomas C15, histology codes: 8140, 8141, 8190-8231, 8260-8263, 8310, 8430, 8480-8490, 8560, and 8570-8572. Gastric cancer was classified as cardia adenocarcinomas C16.0 and non-cardia adenocarcinomas C16.1-C16.9, including overlapping (C16.8) and not otherwise specified (C16.9) tumors. Supplemental Figure S1 (available at Annals of Oncology online) presents the distribution of cancer subtypes in the cohort and the selection of cases and subcohort members. Individuals having prevalent cancer (except skin cancer) at baseline and those with incomplete and/or inconsistent dietary data [20] were excluded from the analysis.
assessment of determinants
The baseline questionnaire included 150 items on food and beverage consumption during the year before the start of the study. Data were key entered and processed in a standardized manner. To minimize observer bias, data entry was blinded with respect to case/subcohort status. The questionnaire was validated against a 9-day diet record [20] . Spearman correlation coefficients for meat and meat products were 0.46 and 0.54, respectively. Mean daily intake was calculated from frequencies and serving sizes.
Red meat was defined as beef, pork, minced meat (both beef and pork), liver, and other non-poultry meat (e.g. horsemeat and lamb). Processed meat consisted of all meat items that had undergone some form of preservation by nitrite treatment, smoking, or fermentation, including all types of sausages, bacon, ham, cold cuts, croquettes, and frankfurters. Meats in mixed dishes contributed to their relevant meat type.
Information on education ( primary school, lower vocational, high school, and higher vocational/university); cigarette smoking status (never, ex-, or current smoker); smoking history (number of cigarettes smoked and duration of smoking); total energy intake (kilojoules/day); body mass index (BMI, kilograms per square meter); non-occupational physical activity (< 30 min/day, 30-60 min/day, 60-90 min/day, >90 min/day); alcohol, vegetable, and fruit consumption; long-term (more than half year) use of nonsteroidal anti-inflammatory drugs and lower esophageal sphincter relaxing medications (nitroglycerins, aminophyllines, beta-blockers, anticholinergics, nifedipine, and benzodiazepines); and history of esophageal or gastric cancer in the family were derived from the baseline questionnaire.
statistical analysis
Categories of red and processed meat intake were constructed using quintiles for men and tertiles for women based on the respective consumption distributions in the subcohort. This choice was driven by the lower number of cases among women. The Cox proportional hazards model was used to estimate hazard ratios (HR) and 95% confidence intervals (CI) for esophageal and gastric cancer subtypes comparing categories of meat intake, using listwise deletion of cases with missing data. Subcohort members accrued person-time from baseline to the date of diagnosis of esophageal or gastric cancer, death, or 31 December 2002 (whichever occurred first). Cases outside the subcohort were entered into the risk pool just before they became cases and thus did not contribute to the person-time experience. Standard errors were calculated using a robust variance estimator [21] . The proportional hazard assumption was assessed using the scaled Schoenfeld residuals [22] and by plotting −ln[−ln (estimated survivor function)] as a function of time on the logarithmic scale [23] . All models were adjusted for age, and additional models were adjusted for smoking status (current yes/no), number of cigarettes smoked per day, duration of smoking (years), total energy intake (kilojoules/day), BMI categories (<20, 20-24.9, 25-29.9, ≥30 kg/m 2 ), alcohol intake (grams/ day), vegetable intake (grams/day), fruit intake (grams/day), levels of education (four categories), and non-occupational physical activity (four categories). Furthermore, models for esophageal adenocarcinoma were also adjusted for long-term use of lower esophageal sphincter relaxing medications (yes/no). Tests of linear trend in the HR were performed by fitting models with the median values of each exposure category as a continuous variable. We tested for interaction with vegetable and fruit intake by adding cross-product terms in the regression models. Category-specific HR along with corresponding 95% CI are presented. The Wald statistic was used to test for interaction. Due to the low number of cases among women, this analysis was performed only in men.
To check for possible influence of preclinical cancer on red and processed meat consumption, mean intakes of red meat and logarithm of processed meat were compared between cases diagnosed in the first 2 years of follow-up and those diagnosed thereafter. We used independent samples t-test to test for significant differences.
results
Baseline characteristics of case groups and subcohort members are presented in Table 1 . Cases with squamous cell carcinoma of the esophagus were more likely to be current smokers and consumed more alcohol than subcohort members or other cases. Women with esophageal adenocarcinoma had higher BMI compared with women in the subcohort. Women with non-cardia adenocarcinoma were less likely to be highly educated than women in the subcohort. Men with adenocarcinoma of the esophagus were more likely to use lower esophageal sphincter relaxing medications than male subcohort members.
Median daily red meat intake in the subcohort was 84 g, ranging from 0 to 297 g, with a lower range among women (supplemental Table S1 , available at Annals of Oncology online). Individuals in the highest, compared with the lowest, category of red meat intake were more likely to be smokers, have a slightly higher BMI, a lower education, and consumed less fruit and more energy and alcohol. In addition, among men, high intake of red meat was associated with higher vegetable intake. Processed meat intake in the subcohort ranged from 0 to 163 g (median: 14 g) (supplemental Table S1 , available at Annals of Oncology online). Individuals in the highest category of processed meat intake were slightly younger, had higher BMI, were more likely to be smokers, less likely to have a family history of esophageal or gastric cancer, and consumed more energy and alcohol compared with those in the lowest intake category. Among men, processed meat intake was associated with lower education. We found no difference in red and processed meat intake when comparing cases diagnosed in the first 2 years of followup with cases occurring thereafter. Mean difference in red meat and logarithm of processed meat were 3.6 g/day, P = 0.41, and 0.06 g/day, P = 0.59, respectively. Hence, we used all, early, and late cases in the analyses.
Red meat intake was positively associated with the risk of esophageal squamous cell carcinoma among men in both ageadjusted and multivariable-adjusted regression models, with somewhat lower estimates after multivariable adjustment; a clear trend was not observed (HR for the highest versus the lowest quintile in multivariable model: 2.66, 95% CI: 0.94-7.48; P for trend: 0.06) ( Table 2) . No association was seen for adenocarcinoma of the esophagus and gastric cancer subtypes. Among women, positive associations were not detected (Table 3 ). There was a statistically nonsignificant, inverse relationship between red meat intake and gastric cardia adenocarcinoma, which could be due to the very low number of cases in that category.
Processed meat intake was strongly, positively associated with esophageal squamous cell carcinoma risk in men (Table 4) . HR estimates were higher in the multivariableadjusted model (HR: 3.47, 95% CI: 1.21-9.94; P for trend: 0.04). When analyzing intake as a continuous variable, the model predicted a 2.15 (95% CI: 1.14-4.08)-fold increase in risk per 50 g/day increment in processed meat intake. There was an association neither with other cancer subtypes nor with any esophageal or gastric subtype in women (Table 5) .
We tested multiplicative effect modification of vegetable and fruit intake on the association between red and processed meat intake and esophageal and gastric cancer subtypes in men. High intake of red or processed meat in combination with low intake of fruits or vegetables is positively associated with esophageal squamous cell carcinoma compared with men with the combination of low meat and high fruit or vegetable intake ( Figure 1 ). HR estimates for these contrasts are significant except for red meat and vegetable combination (P = 0.09). However, the Wald tests for overall interaction were not significant. There were no consistent associations seen when analyzing red and processed meat and fruit or vegetable combinations for esophageal adenocarcinoma or gastric cancer subtypes (data not shown).
discussion
In a large prospective cohort of Dutch men and women, we found that high consumption of red and processed meat is positively associated with the risk of esophageal squamous cell carcinoma in men, but not with other esophageal and gastric cancer subtypes. There were no associations with cancer subtypes in women.
Several case-control studies have investigated meat and esophageal cancer risk [2] . The results of these studies were inconsistent, and in many instances, histological subtype was not considered. Two cohort studies have looked at risk of esophageal cancer subtypes and red and processed meat separately [4, 5] . One European study investigated Adjusted for age (years). b Adjusted for age (years), smoking status (current versus non-current smoker), years of cigarette smoking, number of cigarettes smoked per day, total energy intake (kjoules/day), body mass index (categories: <20, 20-24.9, 25-29.9, and ≥30 kg/m 2 ), alcohol intake (grams/day), vegetable intake (grams/day), fruit intake (grams/day), levels of education (four categories), and non-occupational physical activity (four categories). original articles Annals of Oncology adenocarcinoma of the esophagus and found a strong positive association with processed meat intake (HR for the highest tertile of processed meat intake: 3.54, 95% CI: 1.57-7.99) and a weaker, nonsignificant association with red meat intake (HR: 1.67, 95% CI: 0.75-3.72) [5] . Squamous cell carcinoma of the esophagus was not assessed in this study. The other study conducted in the United States showed a positive association between red meat intake and esophageal squamous cell carcinoma (HR highest versus lowest quintile: 1.79; 95% CI: 1.07-3.01) [4] , while there was no association between red or processed meat and esophageal adenocarcinoma. There was also no association between processed meat and squamous cell carcinoma. Our results, together with the USA study [4] , underscore the importance of analyzing histological subtypes separately. Prospective studies of meat intake and gastric cancer focused mainly on processed meat, although some investigated fresh meat intake. Four cohort studies [4, 24, 25, 26] found no association with fresh meat. One study found a positive association [5] , which was confined to non-cardia tumors, and was observed for total, red, and poultry meat as well. Three cohort studies did not find positive associations with processed meat intake [27, 28, 29] , while there were positive associations in a Japanese [26] , a Swedish [30] , and two USA [31, 32] cohort studies, although estimates in the USA cohorts were not statistically significant. Furthermore, bacon [25] and sausage Median intake of red meat in tertiles (T) of red meat categories in the subcohort, in grams/day (raw weight): 46.9, 77.9, and 115.9.
a Adjusted for age (years). b Adjusted for age (years), smoking status (current versus non-current smoker), years of cigarette smoking, number of cigarettes smoked per day, total energy intake (kjoules/day), body mass index (categories: <20, 20-24.9, 25-29.9, and ≥30 kg/m 2 ), alcohol intake (grams/day), vegetable intake (grams/day), fruit intake (grams/day), levels of education (four categories), and non-occupational physical activity (four categories).
c Models are additionally adjusted for use of lower esophageal sphincter relaxing medications. Adjusted for age (years). b Adjusted for age (years), smoking status (current versus non-current smoker), years of cigarette smoking, number of cigarettes smoked per day, total energy intake (kjoules/day), body mass index (categories: <20, 20-24.9, 25-29.9, and ≥30 kg/m 2 ), alcohol intake (grams/day), vegetable intake (grams/day), fruit intake (grams/day), levels of education (four categories), and non-occupational physical activity (four categories).
[33] consumption was associated with gastric cancer in two studies. We also found a positive association between bacon intake and gastric cancer after 6.3 years of follow-up in the NLCS [34] . Two studies have differentiated between cardia and non-cardia cancers [4, 5] . One of them found a positive association between processed meat and non-cardia cancer, but not with cardia tumors [5] . There are several case-control studies of processed meat consumption and gastric cancer that were inconsistent and were considered to provide limited evidence that processed meat is a cause of stomach cancer [2] . A number of mechanisms might explain the possible relationship between meat intake and cancer risk. Carcinogenic substances, such as heterocyclic amines [12] and polycyclic aromatic hydrocarbons [11] , can be formed during cooking of meat at high temperatures. Red meat contains high levels of the oxygen carrier organic pigment, heme, which has been shown to influence endogenous formation of N-nitroso compounds [14] . Processed meat contains nitrate and nitrite compounds that are also associated with N-nitroso compound formation [13] . Several of these compounds are carcinogenic and may be involved especially in the etiology of gastric and esophageal cancer [35] . Our suggestive finding of an interaction between processed meat intake and fruit and vegetable consumption on esophageal squamous cell carcinoma is compatible with experimental data indicating inhibitory effect of vitamin C on nitrosation [36] and esophageal carcinogenesis [37] . Processed meats frequently contain high levels of salt. Experimental data suggest that high salt intake can damage the gastric mucosa and lead to inflammation [38] and can enhance the carcinogenic effects of gastric carcinogens [39, 40] .
Our results have to be interpreted in the light of the study's strengths and limitations. Effect of preclinical cancer on dietary habits, which is an important source of bias, especially in casecontrol studies, was unlikely to introduce substantial error in our prospective analysis. This is supported by our finding that red and processed meat intake was not different between early and later cases in the cohort. The NLCS is a large study with a long follow-up, which made the separate analysis of esophageal and gastric cancer subtypes possible. However, we could not perform analysis by histology of gastric adenocarcinomas. Also, the number of cases among women was substantially lower, resulting in wide precision estimates consistent with positive, negative, or no association among women. Similar incidence trends of gastric cardia and esophageal adenocarcinoma suggest that these cancers might have some common etiological factors [8] . Hence, we also analyzed gastric cardia and esophageal adenocarcinoma together, thus achieving larger case numbers, but the result did not differ from our main analysis (data not shown). Another factor that could have contributed to the gender differences is the possible effect of female hormones [41] . Some studies suggest an inverse association between reproductive factors and the risk of squamous cell carcinoma, while no association with adenocarcinoma of the esophagus [42, 43] . Adjustment for oral contraceptive use and hormone replacement therapy in the current study did not change the estimates compared with our main analyses (data not shown).
The detailed data collected on diet and potential risk factors allowed adjustment in the analysis. However, measurement of dietary intake using questionnaires is not ideal due to possible misclassification, which could have led to attenuated risk estimates. We did not have information on Helicobacter pylori infection, a risk factor for gastric non-cardia cancer, which is a potential confounder in our study. A nested case-control study in a European prospective cohort [5] and a case-control study in Hawaii [44] suggested positive associations between total and/or processed meat intake and gastric non-cardia cancer only among H. pylori antibody-positive subjects, although the interaction was not statistically significant. Another limitation of our study is the lack of information on meat preparation methods. Epidemiologic studies were not consistent regarding the risk of esophageal and gastric cancer in relation to hightemperature cooking of meat and heterocyclic amine intake [4, 45, 46] . Median intake of processed meat in tertiles (T) of processed meat in the subcohort, in grams/day: 3.5, 11.9, and 26.0. Adjusted for age (years), smoking status (current versus non-current smoker), years of cigarette smoking, number of cigarettes smoked per day, total energy intake (kjoules/day), body mass index (categories: <20, 20-24.9, 25-29.9, ≥30 kg/m 2 ), alcohol intake (grams/day), vegetable intake (grams/day), fruit intake (grams/day), levels of education (four categories), and non-occupational physical activity (four categories). original articles
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We conclude that the analysis of this large Dutch cohort found a positive association between red and processed meat intake and esophageal squamous cell carcinoma and does not support an association with esophageal adenocarcinoma and gastric cancer subtypes.
acknowledgements Figure 1 . Hazard ratios and 95% confidence intervals for esophageal squamous cell carcinoma in men by tertiles of red and processed meat and vegetable and fruit intake. Reference categories are high meat intake plus low vegetable/fruit intake. The Netherlands Cohort Study on diet and cancer, 1986-2002.
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